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ABSTRACT Influenza viruses are highly infectious and are the leading cause of hu-
man respiratory diseases and may trigger severe epidemics and occasional pandem-
ics. Although antiviral drugs against influenza viruses have been developed, there is
an urgent need to design new strategies to develop influenza virus inhibitors due to
the increasing resistance of viruses toward currently available drugs. In this study,
we examined the antiviral activity of natural compounds against the following influ-
enza virus strains: A/WSN/33 (H1N1), A/Udorn/72 (H3N2), and B/Lee/40. Papaverine
(a nonnarcotic alkaloid that has been used for the treatment of heart disease, impo-
tency, and psychosis) was found to be an effective inhibitor of multiple strains of in-
fluenza virus. Kinetic studies demonstrated that papaverine inhibited influenza virus
infection at a late stage in the virus life cycle. An alteration in influenza virus mor-
phology and viral ribonucleoprotein (vRNP) localization was observed as an effect of
papaverine treatment. Papaverine is a well-known phosphodiesterase inhibitor and
also modifies the mitogen-activated protein kinase (MAPK) pathway by downregulat-
ing the phosphorylation of MEK and extracellular signal-regulated kinase (ERK). Thus,
the modulation of host cell signaling pathways by papaverine may be associated
with the nuclear retention of vRNPs and the reduction of influenza virus titers. Inter-
estingly, papaverine also inhibited paramyxoviruses parainfluenza virus 5 (PIV5), hu-
man parainfluenza virus 3 (HPIV3), and respiratory syncytial virus (RSV) infections. We
propose that papaverine can be a potential candidate to be used as an antiviral
agent against a broad range of influenza viruses and paramyxoviruses.

IMPORTANCE Influenza viruses are important human pathogens that are the caus-
ative agents of epidemics and pandemics. Despite the availability of an annual vac-
cine, a large number of cases occur every year globally. Here, we report that papav-
erine, a vasodilator, shows inhibitory action against various strains of influenza virus
as well as the paramyxoviruses PIV5, HPIV3, and RSV. A significant effect of papaver-
ine on the influenza virus morphology was observed. Papaverine treatment of
influenza-virus-infected cells resulted in the inhibition of virus at a later time in the
virus life cycle through the suppression of nuclear export of vRNP and also inter-
fered with the host cellular cAMP and MEK/ERK cascade pathways. This study ex-
plores the use of papaverine as an effective inhibitor of both influenza viruses as
well as paramyxoviruses.
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Influenza viruses are responsible for highly contagious respiratory diseases leading to
�3 million deaths worldwide annually. The deadliest outbreak was in 1918; the so

called Spanish flu (H1N1) led to 40 million to 50 million deaths (1). There was a
record-breaking number of influenza-like diseases reported along with resulting hos-
pitalizations in 2017 and 2018. Due to severe outbreaks and pandemics related to the
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influenza virus, it is necessary to identify means to limit or prevent the spread of the
virus. An influenza vaccine is available annually. However, many individuals are not
immunized, and even among the population receiving the vaccine, there are many
cases per year worldwide due to the limitations of the seasonal influenza virus vaccines.
At present, the available drugs effective for inhibiting influenza virus infection include
neuraminidase inhibitors such as oseltamivir and zanamivir, agents such as amantadine
and rimantadine that inhibit the M2 ion channel, and baloxavir that inhibits the
polymerase acidic (PA) polymerase subunit of the virus by targeting its endonuclease
activity (2). However, the seasonal influenza virus strains frequently exhibit resistance to
these drugs (3–5). Hence, there is an urgent need to develop new antiviral drugs
against influenza viruses.

Influenza virus replication and transcription occur in the nucleus of the host cell, and
the ribonucleoprotein (RNP) complex consisting of nucleoprotein (NP) and viral ge-
nome assembles into virions in the cytoplasm (6). The virus infection cycle involves a
bidirectional movement of RNP in and out of the nucleus; first, RNPs are imported into
the nucleus for replication and transcription and, later, exported from the nucleus to
the cytoplasm. After nuclear export, the genome is assembled and targeted toward the
plasma membrane for virus budding. Therefore, the nuclear export of RNP is a crucial
step in the virus propagation, and any delay in RNP export leads to a reduced viral titer
(7–9). The process of nuclear export is mediated by various viral and host factors and
signaling pathways (10–12).

Viruses are dependent on the host machinery for their infective life cycle, including
virus attachment, entry, replication, and budding. Due to the increasing virus resistance
against specific antiviral agents, drugs targeting host cell factors can be a very useful
alternative for the inhibition of influenza virus. The extracellular signal-regulated kinase
(ERK)/MEK and cAMP signaling pathways play an important role in the life cycle of
various viruses (13–19). The mitogen-activated protein kinase (MAPK) cascade includes
the Raf/MEK/ERK signaling pathway in which sequential phosphorylation/activation of
these kinases takes place. Raf is a serine threonine kinase, and upon activation triggers
the phosphorylation of MEK, which is a kinase with dual specificity (MAPK/ERK kinase).
The activated MEK subsequently phosphorylates ERK, an extracellular signal-regulated
kinase. This signaling pathway regulates the phosphorylation of various cellular tran-
scription factors and, hence, gene expression, which further regulates cell differentia-
tion, apoptosis, and inflammatory responses (20, 21). The role of the MAPK signaling
pathway in the propagation of influenza virus infection has been described previously
(17, 22).

Phosphodiesterases (PDEs) are a divergent superfamily of enzymes and are respon-
sible for the hydrolysis of cyclic nucleotides cAMP and cyclic GMP (cGMP) and, thus,
regulate their signaling pathways (23, 24). PDE4 is specific to the hydrolysis of cAMP.
The inhibitors of PDE4 are effective in treating airway inflammatory diseases as well as
influenza-induced lung inflammation (18, 25). PDE4 inhibitors rolipram and roflumilast
have been described as effective antiviral agents against influenza virus and respiratory
syncytial virus (RSV), respectively (18, 26). An increase in cAMP levels results in the
reduction of RSV and measles virus growth (27, 28). In a recent study, a relationship
between cAMP and MEK/ERK signaling pathways had been demonstrated, and a
possible role of cAMP in the regulation of MEK/ERK activation was illustrated (29).

Papaverine is an alkaloid derived from isoquinoline found in the opium poppy plant
(Papaver somniferum). Papaverine is a recognized inhibitor of phosphodiesterases (30,
31). It has been used for the treatment of heart diseases, as it acts as a vasodilator (32)
and can be administered intraarterially for the treatment of cerebral vasospasm (33).
Papaverine is utilized for the treatment of erectile dysfunction in males (34) and also
acts as an antidepressant (35). Additionally, it exhibits an antitumor effect on human
prostate cancer cells and glioblastoma cells (36, 37). Moreover, it has been reported to
have an inhibitory effect on measles virus, cytomegalovirus (CMV), and human immu-
nodeficiency virus (HIV) replication (38–40).

In this study, we investigated the anti-influenza activity of several natural com-
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pounds and found that papaverine is a potent inhibitor of influenza virus infection. We
have performed time kinetics studies to evaluate the stage of the virus life cycle at
which inhibition occurs. The assays of hemagglutinin (HA) and neuraminidase (NA)
activities were also performed in the presence and absence of papaverine. Also, to
observe any possible effects of papaverine on virus morphology, purified virions were
negatively stained and observed in an electron microscope. The effect of papaverine on
the nuclear export of viral ribonucleoproteins (vRNPs) was examined. In addition, the
intracellular levels of PDE4D/cAMP and MEK/ERK were demonstrated with and without
papaverine. Furthermore, the antiviral action of papaverine was assessed upon cells
infected with the following paramyxoviruses: parainfluenza virus 5 (PIV5), human
parainfluenza virus 3 (HPIV3), RSV, or the rhabdovirus, vesicular stomatitis virus (VSV).

RESULTS
Identification of the compounds with anti-influenza activity. The primary goal of

this work was to identify the potential of natural compounds as effective inhibitors of
influenza or paramyxoviruses. Twelve natural compounds, apigenin, berberine, dios-
metin, epicatechin, genistein, kaempferol, luteolin, myricetin, naringenin, oxybenzone,
papaverine, and quercetin, were used in this study. These compounds were selected as
they are naturally occurring plant derivatives and because of their known antiviral
properties. The possible antiviral activities were evaluated at a concentration of 50 �M
against three strains of influenza virus, influenza A WSN/33 (H1N1) and Udorn/72
(H3N2) and influenza B Lee/40, by plaque reduction neutralization test (PRNT). We
found that quercetin, papaverine, luteolin, and naringenin reduced the A/WSN/33 virus
titer significantly. Quercetin, papaverine, and luteolin could also reduce the titer of the
A/Udorn/72 strain (Fig. 1A). The compounds quercetin, papaverine, luteolin, kaemp-
ferol, diosmetin, and myricetin reduced the titer of the B/Lee/40 virus strain. However,
epicatechin, oxybenzone, and genistein did not reduce the influenza virus titer. No
compound resulted in observable cytotoxicity up to a 500 �M concentration except
apigenin and luteolin. Virus titer could not be measured for infected cultures treated
with apigenin due to its high cytotoxicity (data not shown).

Papaverine exhibits strong anti-influenza activity. Papaverine was found to be
an effective inhibitor of all three strains of influenza virus, so we focused on papaverine
for further studies (Fig. 1B). MDCK or HEK293T cells were infected with influenza virus
and grown in the presence of papaverine or dimethyl sulfoxide (DMSO). Virus was
harvested, and virus titer was measured by plaque assays. Papaverine showed a
dose-dependent inhibition of influenza virus strains used in this study (A/WSN/33,
A/Udorn/72, A/Eq/2/Miami/1/63, B/Lee/40, and B/MD/59) (Fig. 1B and C and Table 1).
The 50% inhibitory concentrations (IC50) of papaverine for all of the virus strains are
shown in Table 1. These results were also confirmed by the visualization of the
virus-infected cells in the presence of papaverine by fluorescence microscopy. Cells
infected with influenza virus strains were treated with various concentrations of pa-
paverine and fixed at 24 hours postinfection (hpi). The cells were treated with anti-M2
and anti-hemagglutinin-neuraminidase (anti-HN) antibody for the influenza A and B
virus, respectively. After the Alexa Fluor conjugated secondary antibody treatment, the
coverslips were mounted with 4=,6-diamidino-2-phenylindole (DAPI) and imaged by
confocal microscope. The amount of viral proteins decreased in a dose-dependent
manner relative to the papaverine concentration as shown by fluorescence staining
(Fig. 1D), which is consistent with the results obtained from the plaque assays of
harvested virus.

Papaverine acts at a late stage of influenza virus infection. The time of addition
(TOA) and time of elimination (TOE) experiments were carried out to identify the step
of inhibition in the virus life cycle. In TOA studies, papaverine was added at indicated
time points following A/WSN/33 virus infection, and the titer of the harvested virus was
analyzed using plaque assays (Fig. 2A). For TOE assays, papaverine was added at the
start of virus infection and washed out at the indicated time points. For the pretreat-
ment analysis, cells were incubated with papaverine 4 h prior to virus infection, and the
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compound was removed during infection by replacing the culture medium. The TOA
experiment shows that papaverine causes a reduction in virus titer even if added 8 hpi
(Fig. 2B). The TOE assay showed a decrease in the virus titer when papaverine was
removed from the medium at a later time point of virus infection (Fig. 2C). It did not

FIG 1 (A) Antiviral effect of compounds (50 �M each) on influenza virus strains A/WSN/33 (H1N1) (blue), A/Udorn/72 (H3N2) (salmon), and B/Lee/40 (green). Data
represent the average value of triplicate experiments with the standard deviation shown as error bars. (B) Molecular structure of papaverine (PAP) (drawn by ChemDraw
[PerkinElmer Informatics]) and its effect on the growth of different influenza virus strains in a dose-dependent manner. (C) Virus growth in the presence of the indicated
concentrations of papaverine was measured by plaque assay. The data represent one representative experiment of three replicates. The asterisk indicates statistical
significance (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001). (D) Confocal microscopy analysis was performed with the cells infected with influenza virus and
treated with various papaverine concentrations. The cells were fixed and stained with influenza A-specific M2 antibody or influenza B-specific HN antibody followed
by Alexa Fluor 488 conjugated host-specific secondary antibody treatment. Virus is shown in green color, and DAPI staining is in blue.

TABLE 1 IC50 values of papaverine were calculated for various strains of influenza virus
and paramyxoviruses

Influenza strain or virus IC50 (�M)

A/WSN/33 (H1N1) 16.77
B/Lee/40 14.34
A/Udorn/72 (H3N2) 36.41
A/Equine/2/MIAMI/1/63 (H3N8) 27.36
A/PR/8/34 (H1N1) 24.54
B/MD/59 2.63
RSV 2.02
PIV5 5.5
HPIV3 2.6
VSV NDa

aND, not determined.
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show a significant reduction in virus titer when eliminated 4 hpi, although the reduc-
tion in virus titer was observed when papaverine was removed from infected cell
cultures at �5 hpi. However, the addition of papaverine at 12 or 16 hpi did not cause
a reduction in virus titer. The pretreatment of cells with papaverine did not inhibit virus
infection. These results together imply that the inhibitory effect of papaverine occurs at
a late stage of the influenza virus infection cycle.

The activity of HA/NA and viral RNA synthesis are not affected by papaverine
treatment. HA (hemagglutinin) and NA (neuraminidase) are essential proteins involved
in the virus entry process through host receptor binding and the release of new virus
particles via receptor-destroying activity, respectively (41). We evaluated the effect of
papaverine on the activity of HA and NA proteins to examine if papaverine inhibited
either entry or the release step of the virus life cycle. The A/WSN/33 virus strain was
incubated in the presence of either papaverine or DMSO, and the activities of both HA
and NA were measured. The NA activity was determined by measuring the intensity of
the released fluorescent product 4-methylumbelliferone. The HA activity was assessed
by observing its ability to cause the hemagglutination of chicken red blood cells (RBCs).
Papaverine did not cause any difference in the activity of HA or NA surface glycopro-
teins of the virus (Fig. 3A and B). Further, viral RNA synthesis was analyzed by
semiquantitative reverse transcriptase PCR (RT-PCR). Viral RNA was isolated from har-
vested virus grown in the presence of indicated concentrations of papaverine. The viral
NP PCR gene segment reached a plateau at 38 cycles regardless of whether the virus

FIG 2 TOA and TOE assays were performed to identify the stage in the A/WSN/33 (H1N1) virus life cycle that is impacted by papaverine. (A) Schematic
representation of the assays in which papaverine was added 0, 2, 4, 8, 12, or 16 hpi (top) or eliminated 0, 2, 4, 5, 6, or 8 hpi from the culture medium (bottom).
For the pretreatment analysis, cells were treated with papaverine 4 h before virus infection, and culture medium was replaced with fresh medium without
papaverine immediately after virus infection. Virus was harvested 24 hpi, and plaque assays were performed to calculate the virus titer. (B and C) The results
of plaque assays are shown as the percentage of virus titer compared to that of the DMSO control. The pretreatment analysis bar is shown in black. The data
denotes the mean � standard deviation from triplicate experiments. The asterisk indicates statistical significance (*, P � 0.05; **, P � 0.01).
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was grown in the medium containing papaverine or DMSO. This suggests that papav-
erine does not affect influenza virus RNA synthesis (Fig. 3C).

Examination of influenza virus morphology in the presence or absence of
papaverine. A/WSN/33 virus was grown in the presence of papaverine or DMSO and
subsequently purified by centrifugation on sucrose gradients. The virions were col-
lected and purified from each of the two major bands on the sucrose gradients, were
absorbed onto the carbon-coated grids, and negatively stained. For virions grown in
DMSO, band I contained virus particles exhibiting mostly a spherical morphology;
however, predominantly filamentous virus particles were found in band II (Fig. 3D).
Conversely, virions grown in medium containing papaverine were mostly spherical, and
this was the case for virions purified from both gradient bands. The range of length
observed for virus particles grown in the presence of papaverine was less than that for
the virus grown with DMSO in the culture medium (Fig. 3E). For the virions grown in the
presence of papaverine, most of the particles had a length that fell within the range of

FIG 3 A/WSN/33 virus was incubated with either DMSO or papaverine for 1 h at 37°C. (A) The neuraminidase activity of the virus treated with DMSO or
papaverine is displayed. The fluorescence intensity values were normalized with the control reaction. (B) The hemagglutination of RBCs by the virus with and
without papaverine is shown. (C) Virus was grown with DMSO or papaverine at indicated concentrations, and semiquantitative RT-PCR was performed using
the isolated RNA. The amplified products were collected at 34, 36, 38, and 40 cycles for each sample and analyzed by agarose gel electrophoresis. (D) Electron
micrographs of negatively stained A/WSN/33 virus grown in the presence of DMSO (top) or papaverine (50 �M) (bottom) are displayed. (E) The length of 280
particles was measured from each sample and the distribution of the length of the particles is shown.
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101 to 200 nm. Whereas in the DMSO population, there was a broader range in length
with an almost equal number of particles in the 1 to 100 and 101 to 200 ranges. Also,
the virus population purified from the papaverine-treated cells had fewer filamentous
particles than the DMSO samples.

Papaverine modulates MEK/ERK signaling pathway and also suppresses the
nuclear export of vRNPs. To evaluate the effect of papaverine on the activation of
MEK/ERK in infected cells, HEK293T cells were infected with A/WSN/33 virus and treated
with either papaverine or DMSO. The cells were stimulated at 18 hpi, lysed after 1 h of
stimulation, and analyzed by Western blotting. The phosphorylation of MEK and ERK
was reduced in the presence of papaverine; however, the amount of MEK and ERK
remains unchanged (Fig. 4A). Thus, our results suggest that papaverine alters the
activation of the MEK/ERK pathway in 293T cells.

As the MEK/ERK signaling pathway has been proposed to play an important role in
the nuclear export of vRNPs (15, 17), we postulated that papaverine may have an effect
on the export of RNPs from the nucleus to the cytoplasm. The cellular localization of the

FIG 4 Papaverine interferes with the host cAMP and MEK/ERK signaling pathways and also inhibits viral nuclear export. (A) pERK, ERK, pMEK, MEK, NP, and actin
levels are shown in HEK293T cells. The cells were infected with A/WSN/33 virus and treated with papaverine or DMSO. At 18 hpi, the cells were stimulated for
an hour, lysed, and analyzed by Western blotting. The bands were quantified and the graph shows the mean protein levels calculated for triplicate experiments.
The asterisk indicates statistical significance (*, P � 0.05). (B) Cells were infected with A/WSN/33 virus, papaverine treated, fixed at 8 hpi, and visualized with
a confocal microscope. NP is rendered in green and the stained nuclei in blue. The nuclear accumulation of the vRNPs in papaverine-treated cells is shown by
white arrows. (C) The level of PDE4D is shown in HEK293T cells infected with A/WSN/33 virus and treated with papaverine at the indicated concentrations. The
blot shown here is the representative from the triplicate experiments, and the graph denotes the average of three independent experiments. (D) Confocal
images of PF transfected HEK293T cells are displayed which were further infected with virus. The red color is the fluorescence signal from the PF reporter
plasmid that proportionally corresponds to the cAMP level in the cells. The M2 protein of the A/WSN/33 virus is shown by green fluorescence, and the
DAPI-stained nuclei is shown in blue. An increase in the fluorescent intensity of PF and a decrease in that of WSN M2 was observed with the increasing
concentrations of papaverine.
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vRNPs was examined by the visualization of virus NP in the confocal microscope in
HEK293T cells. The cells were infected with A/WSN/33 virus and treated with papav-
erine/DMSO. At 8 hpi, the cells were fixed and treated with anti-NP primary antibody
followed by Alexa Fluor 488 conjugated secondary antibody. The coverslips were
mounted with DAPI in the mounting medium and observed using a Zeiss LSM 800
confocal microscope. We found that NP was present in the cytoplasm in the DMSO-
treated cells; however, most NP was localized in the nucleus after papaverine treat-
ment, indicating its negative effect on the nuclear export of vRNPs (Fig. 4B). Thus,
papaverine caused nuclear retention of the vRNPs at 8 hpi in influenza virus infection.

Papaverine interferes with the cAMP signaling pathway through inhibition of
PDE4D. Intracellular levels of PDE4D were measured in HEK293T cells in the presence
or absence of papaverine. Cells were infected with influenza virus, and papaverine (or
DMSO) was added to the overlay medium. Cells were lysed 24 hpi, and the amount of
PDE4D was determined by immunoblotting. The results showed a decrease in the
PDE4D level upon treatment of cells with papaverine (Fig. 4C). This reduction is
proportional to the papaverine concentration. Thus, a dose-dependent effect of pa-
paverine on the PDE4D level was observed. There are several isoforms of PDE4D
present in the cells; the band intensity for all observed isoforms of PDE4D decreased
with an increase in papaverine concentration.

Since PDE4D is involved in the hydrolysis of cAMP, a reduction in the PDE4D activity
by papaverine treatment would be anticipated corresponding to an increase in the
amount of cellular cAMP (24). The levels of cAMP were evaluated using the plasmid Pink
Flamindo (PF) (pink fluorescent cAMP indicator). PF consists of the red fluorescent
protein mApple with an insertion of the cAMP binding domain of Epac1 (exchange
protein activated by cAMP) (42). It has been reported to show an increase or decrease
in fluorescence intensity in the presence of adenylyl cyclase activator or inhibitor,
respectively. At 24 h posttransfection (hpt) with PF, cells were infected with influenza
virus strain A/WSN/33 and overlaid with medium containing papaverine or DMSO. At 24
hpi, cells were fixed and stained with antibody (14C2) specific for the influenza virus
protein M2. Cells were visualized by confocal microscopy for cAMP levels (red) and the
presence of the M2 protein (green). The results showed that the amount of red
fluorescence, indicative of cAMP levels, increases proportional to papaverine concen-
tration (Fig. 4D).

Papaverine inhibits paramyxoviruses PIV5, HPIV3, and RSV but not VSV. The
effect of papaverine treatment on cells infected with paramyxoviruses PIV5, RSV, and
HPIV3 and rhabdovirus VSV was examined. The viruses were grown in the presence of
various concentrations of papaverine or DMSO and then were harvested, 3 days
postinfection (dpi) for PIV5, HPIV3, and RSV and 2 dpi for VSV. The harvested virus was
titered by plaque assays, and IC50 values were calculated as shown in Table 1. PIV5,
HPIV3, and RSV showed a reduced virus titer when grown in the presence of papaverine
(Fig. 5A). However, VSV did not show an inhibition in virus titer after papaverine
treatment, even at a concentration of 150 �M. The results were confirmed by infecting
CV-1 cells with either PIV5 or VSV that expressed green fluorescent protein (GFP).
PIV5-GFP-infected cells treated with papaverine showed a proportional decrease in
observed GFP fluorescence; however, the level of VSV-GFP fluorescence remains un-
changed (Fig. 5B). Cell viability of CV-1 and HEp2 cells infected with HPIV3 and RSV,
respectively, in the presence of papaverine was also observed using light microscopy.
In both cases, a cytopathic effect was observed upon virus infection, which was
significantly reduced when the viruses were grown with papaverine at the indicated
concentrations (Fig. 5B).

DISCUSSION

Epidemics and pandemics resulting from influenza virus infection are a major threat
to human health worldwide (1). The annual U.S. economic burden of influenza virus is
significant. Although, a vaccine is available, influenza virus is still a major concern for
public health globally. The increasing resistance of influenza viruses against currently
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available antiviral drugs has brought about the urgent need of developing new
strategies to counter influenza virus infection (4, 5). The focus of drug discovery has
been directed mostly toward the inhibition of different viral proteins or the inhibition
of virus entry (2, 43–46). However, there are also studies that provide insights into the
development of antiviral agents targeting the host cellular signaling mechanism (18,
22, 28) or to enhance the antiviral response of host cells (47). Due to the fact that
viruses are dependent on the host cell machinery for their life cycle and the compar-
atively low mutational rates of the host genes, targeting the host proteins can be a
highly beneficial strategy for drug development against influenza virus. Inhibitors
targeting the host cell signaling pathways could negatively affect cellular function and
may lead to deleterious long-term and broad consequences. Hence, in our study, we
used papaverine, which already has been in use for the treatment of various diseases
in humans.

Our approach was to identify natural compounds that can be used as antiviral
agents against a number of different strains of influenza virus. We found that at least
seven of the selected compounds showed antiviral activity below cytotoxic concentra-
tions (Fig. 1). Among those identified, papaverine was found to be a broadly effective
inhibitor with very high efficacy and low cytotoxicity. The reduction in virus titer upon
papaverine treatment was confirmed by fluorescence microscopy, HA assays, and
plaque assays. Our results demonstrate that papaverine can be repurposed to be used
as an antiviral agent against influenza virus infection. We have also investigated the
inhibitory effect of papaverine against paramyxoviruses PIV5, RSV, and HPIV3 and
rhabdovirus VSV. Human parainfluenza viruses and RSV are the major cause of lower
respiratory tract infections in infants, young children, and immunocompromised adults
(48). PIV5 has been used as a prototype to study paramyxoviruses (49). Papaverine dose
dependently shows a significant inhibitory effect on the paramyxoviruses PIV5, RSV,
and HPIV3. However, the growth of VSV was not reduced even at high concentrations
of papaverine. Thus, papaverine causes a reduction in the titers of paramyxoviruses
PIV5, RSV, and HPIV3 but not the rhabdovirus VSV.

Papaverine acts between 4 and 8 h post influenza virus infection and inhibits the

FIG 5 Antiviral effect of papaverine on paramyxoviruses PIV5, RSV, and HPIV3 and rhabdovirus VSV. (A) The percentage of virus titer with increasing
concentration of papaverine. The graphs represent the mean values along with the standard deviation of triplicate experiments. The asterisk indicates statistical
significance (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001). (B) Cells grown on coverslips were infected with PIV5-GFP or VSV-GFP and treated with
papaverine or DMSO. The fluorescence signal was observed using a confocal microscope. The cells infected with viruses are rendered in green and DAPI in blue.
CV-1 and HEp2 cells infected with HPIV3 and RSV, respectively, and treated with papaverine were stained with Hema-3 reagent, and the cytopathic effect was
observed under a light microscope.
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late stage of the virus life cycle as shown by time kinetics analysis. Thus, papaverine
appears not to target either virus attachment or entry into host cells, consistent with
the observations that neither HA nor NA activity of influenza virus A/WSN/33 was
affected when the virus was incubated with papaverine outside the cells (Fig. 3).
However, HA activity was reduced significantly when the virus was grown in cells
treated with papaverine as a result of reduced virus titer (data not shown). Also,
papaverine does not affect viral RNA synthesis as demonstrated by semiquantitative
RT-PCR. We found that influenza virus morphology was affected by papaverine treat-
ment. The presence of papaverine caused the particle length to be confined to a
narrow range with mostly spherical or a few short filamentous virions, while particles
with a greater range in length were found in the untreated population. However, the
reason for this change in virus morphology by papaverine remains unknown.

Our results indicated that papaverine interferes with both cAMP and MEK/ERK
signaling pathways in human cells in a dose-dependent manner. It has been shown
previously that papaverine regulates the MEK/ERK pathway in retinal microglial cells
through the cAMP signaling pathway (29). cAMP, a secondary messenger, has a key
function in intracellular signaling, and its level inside the cells is regulated by PDEs.
PDE4 inhibitors elevate cAMP level in the cells and have been used to treat respiratory
diseases like asthma and chronic obstructive pulmonary diseases (23, 50). PDE4 is an
important target for the treatment of central nervous system, inflammatory, and airway
epithelial diseases (18, 23, 25, 50). Papaverine is a PDE4 inhibitor (30, 31) and also
exhibits dose-dependent reduction of intracellular PDE4D levels in HEK293T cells (Fig.
4). Using a fluorescence-based approach, we demonstrated enhanced cAMP levels in
the cells treated with papaverine compared to control. Furthermore, papaverine treat-
ment reduces the phosphorylated MEK and ERK levels, while the concentrations of MEK
and ERK are similar in treated and control cells. The activation of the MEK/ERK pathway
is highly advantageous for virus replication, and the inhibitors of this pathway have
been described as the inhibitors of influenza virus infection (14–17). In addition to
influenza virus, other viruses including HIV, coronaviruses, RSV, CMV, and coxsackievirus
B3 are also inhibited by MEK/ERK cascade inhibitors (51–55). Moreover, the inhibition
of MEK pathway cascade by U0126 does not cause a negative effect on host cell
viability, and similar results were observed with the use of papaverine (51). Thus, we
suggest that the inhibition of the MAPK host cell signaling pathway may be responsible
for the restriction of growth for a broad range of viruses. However, more detailed
insight into the mechanism of the host signaling pathways and the interplay between
host and viral factors is essential to better understand their function in viral infections.

The role of host factors in the viral life cycle remains elusive and is not completely
understood. A relationship between MEK/ERK pathways and nuclear export of influenza
virus RNPs has been established, as the inhibitors of this signaling pathway cause a
delay/inhibition of nuclear export of viral RNA (14, 15, 17). The inhibition of ERK
activation interferes with the nuclear export of vRNPs, which in turn restricts virus
growth. Inhibitors of RNP nuclear export have been developed, which block influenza
virus replication (7–9). Our results show nuclear accumulation of the vRNPs in
papaverine-treated cells at 8 hpi compared to that of the DMSO control where almost
all of the NPs are in the cytoplasm. Nuclear retention of the RNPs in the presence of
papaverine suggests a possible mechanism of papaverine in virus inhibition. Also, the
altered morphology of influenza virus particles when grown with papaverine might be
the result of suppression of nuclear export of the viral genome; though there is still no
direct evidence that links RNA nuclear export and viral morphology. There likely are
other as yet unknown factors involved in the inhibition of virus infection by papaverine.

Thus, papaverine tends to influence the host signal transduction network through
multiple factors linked to the MAPK pathway, which may be via cAMP signaling. Several
other downstream and upstream factors might be involved in the mechanism of action.

Targeting the host cell pathways provides the additional benefit of preventing an
increase in viral resistance to the antiviral agents. Further, the utilization of existing
drugs makes the process of drug development safer and faster. In summary, our work
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provides evidence for the effective inhibition of influenza virus by papaverine, likely
through the suppression of nuclear export of vRNPs. The inhibition takes place via the
host signaling pathways, including MEK/ERK and cAMP signaling cascades. The inter-
play among these two host cellular pathways and the transport of viral RNA have been
demonstrated in previous studies. Taken together with prior findings, we propose that
papaverine inhibits these cellular pathways in human cells, which likely impact the
nuclear export of influenza virus RNA, an essential step in the virus life cycle.

MATERIALS AND METHODS
Cells and viruses. Human embryonic kidney cells (HEK293T), monkey kidney cells (CV-1), Madin-

Darby bovine kidney (MDBK) cells, and Madin-Darby canine kidney (MDCK) cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), peni-
cillin, and streptomycin sulfate at 37°C. Human epithelial type 2 (HEp-2) cells were maintained in Eagle’s
minimum essential medium (EMEM) supplemented with FBS, penicillin, and streptomycin sulfate at 37°C.
The influenza virus strains (A/WSN/33, A/Udorn/72, A/Eq/2/Miami/1/63, B/Lee/40, and B/MD/59) were
propagated in MDCK or HEK293T cells. VSV and HPIV3 were grown in CV-1 cells. For the growth of RSV
and PIV5 W3A, HEp2 and MDBK cells were used, respectively. All of the viruses were stored at – 80°C and
titered using plaque assays. Apigenin, berberine, diosmetin, epicatechin, genistein, kaempferol, luteolin,
myricetin, naringenin, oxybenzone, papaverine, and quercetin were purchased from Sigma-Aldrich (St.
Louis, MO).

Antiviral activity and plaque assay. Cells were plated in 12-well plates and infected with different
viruses at a multiplicity of infection (MOI) of 0.1. Then, cells were incubated at 37°C for 1 h, virus was
aspirated, and cells were overlaid with DMEM containing 2% FBS, antibiotics, and DMSO or the indicated
compounds at specified concentrations. For influenza virus strains, the overlay medium also contained
1 �g/ml of N-acetylated trypsin to cleave hemagglutinin. After 2 dpi for influenza viruses and VSV and
3 dpi for other paramyxoviruses, the viruses were harvested, and plaque assays were performed to
determine virus titers. After harvesting HPIV3 or RSV, cells were stained with Hema-3 reagent (Thermo
Fisher Scientific, Inc.) and observed using an Evos XL inverted light microscope (Advanced Microscopy
Group) to examine the cell cytopathic effect upon virus infection.

For plaque assays, harvested virus was serially diluted in DMEM and 1% bovine serum albumin (BSA).
Cells were cultured in 6-well plates and upon confluence, infected with the appropriate dilution of virus.
Incubations were done at 37°C for 1 h. Virus was removed, and cells were overlaid with DMEM containing
antibiotics and 1.2% Avicel microcrystalline cellulose (FMC BioPolymer, Philadelphia, PA). Cells were
incubated for several days (2 days for influenza viruses and VSV, 4 days for PIV5 and HPIV3, and 7 days
for RSV). Overlaid medium was removed, and the cells were fixed with formaldehyde solution and stained
with crystal violet. Plaques were counted to determine virus titer, and IC50 values were calculated using
GraphPad Prism 7.00 for Mac (GraphPad Software, La Jolla, CA, USA).

PRNT and cytotoxicity assay. For PRNT, plaque assays were done as described above except the
medium overlay contained either DMSO or papaverine, and the cells were incubated for 2 days. The
overlay was removed, and the cells were stained with crystal violet for the visualization of plaques
allowing the calculation of virus titer. For cytotoxicity assays, cells were cultured in 96-well plates and
incubated with different concentrations of the compounds (up to 500 �M) for 3 days. alamarBlue cell
viability reagent (Thermo Fisher Scientific, Inc.) was added, and the cells were further incubated at 37°C
for 4 h. Absorbance was measured at 570 nm using a SpectraMax M5 plate reader (Molecular Devices,
Sunnyvale, CA).

Semiquantitative RT-PCR. MDCK cells were infected with A/WSN/33 virus as described above and
treated with DMSO or papaverine at specified concentrations (25 to 150 �M). At 24 hpi, virus was
harvested, and RNA was isolated using Qiagen QIAamp viral RNA isolation minikit. PCR was performed
with the isolated RNA using the SuperScript III one-step RT-PCR system with Platinum Taq high fidelity
DNA polymerase (Invitrogen). Primers specific for WSN nucleoprotein were used, and PCR products were
collected after 34, 36, 38, and 40 cycles. RT-PCR products were quantified after performing agarose gel
electrophoresis.

Western blot assays. Cells were cultured in 6-well plates and infected with A/WSN/33 virus at an
MOI of 5, and papaverine was added in the overlay medium at the indicated concentrations (25 to
200 �M). Cells were stimulated with cell stimulation cocktail containing phorbol myristate acetate (PMA)
and ionomycin (Invitrogen) at 18 hpi for 1 h. Afterward, cells were lysed in SDS loading buffer and
sonicated. Samples were boiled for 5 min and electrophoresed on 15% polyacrylamide SDS-PAGE. The
gels were transferred to a polyvinylidene fluoride (PVDF) membrane, blocked with phosphate buffer
saline (PBS) containing BSA, and incubated with primary antibodies (WSN rabbit polyclonal anti-NP, goat
polyclonal anti-actin [Santa Cruz Biotechnology, Inc.], mouse monoclonal anti-PDE4D [ABclonal Tech-
nology], mouse monoclonal anti-pERK, anti-pMEK, anti-MEK [Santa Cruz Biotechnology, Inc.], or rabbit
monoclonal anti-ERK [Cell Signaling Technology, Inc.]) followed by host-specific secondary immunoglob-
ulins conjugated to Cy5 (Jackson Immunoresearch, West Grove, PA). The reacted blots were visualized
using a Typhoon FLA 9500 biomolecular imager (GE Healthcare Life Sciences), and the visible bands were
quantified using ImageJ (56).

Virus purification and negative-stain electron microscopy. Cells were cultured in 10-cm dishes
and infected with A/WSN/33 virus in the presence of 50 �M papaverine or DMSO. Viruses were harvested
2 days after infection and concentrated by centrifugation at 38,500 � g for 45 min at 4°C using a
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Beckman 70.1 Ti rotor (Beckman Coulter, Fullerton, CA). The pellet was resuspended in NTE (100 mM
NaCl, 10 mM Tris pH 7.4, 1 mM EDTA), layered onto a 15% to 60% sucrose gradient, and centrifuged at
24,000 � g for 1 h at 4°C using a Beckman SW 28 rotor. Purified virus was harvested, diluted in NTE, and
pelleted again. The pelleted virus was resuspended in NTE and stored at – 80°C until further use. Purified
virus was diluted in NTE and applied to freshly glow-discharged carbon-coated grids. The grids were then
stained with 2% uranyl formate and examined in a JEOL 1400 electron microscope operated at 120 kV.
The images were collected with a Gatan ultrascan camera.

TOA and TOE assays. Cells were plated in 12-well plates and infected with A/WSN/33 virus as
described above. TOA analysis was performed by the addition of papaverine (50 �M) to the culture
medium at 0, 2, 4, 6, 8, 12, and 16 hpi. For TOE assay, papaverine was added at the time of virus infection
and the medium was aspirated and replaced with fresh medium lacking papaverine at 2, 4, 5, 6, and 8
hpi. For pretreatment analysis, cells were treated with papaverine 4 h before virus infection, and
papaverine was removed during medium overlay after virus infection. At 24 hpi, virus was harvested, and
the virus titers were determined using plaque assays.

Confocal microscopy. To perform the virus inhibition assay, cells were infected with influenza virus
strains (A/WSN/33, A/Udorn/72, or B/Lee) or viruses engineered to express green fluorescent protein
(GFP) (PIV5-GFP or VSV-GFP) as indicated. For the determination of cAMP levels, HEK293T cells were
cultured on glass coverslips in 6-well plates and transfected with the plasmid Pink Flamindo (PF) (gifted
from Tetsuya Kitaguchi [Addgene plasmid no. 102356]) (42) using lipofectamine and Plus reagent
(Invitrogen) according to the manufacturer’s protocol. At 24 hpt, the PF transfected cells were infected
with A/WSN/33 virus and overlaid with medium containing papaverine or DMSO. After the indicated time
point, virus was aspirated off and cells were fixed with 4% formaldehyde solution in phosphate buffer for
15 min. Cells were blocked with 3% BSA and permeabilized with 0.05% saponin and then reacted with
primary antibodies as indicated (influenza A-specific mouse monoclonal 14C2 anti-M2, rabbit polyclonal
anti-NP, or goat polyclonal B/Lee/40 anti-HA) followed by host-specific Alexa Fluor conjugated secondary
antibodies. Then the coverslips were mounted on the slides using Prolong gold antifade reagent with
DAPI (Thermo Fisher Scientific, Inc.). Cells were visualized using a Zeiss LSM 800 confocal microscope
(Carl Zeiss Microscopy).

Hemagglutination and Neuraminidase activity inhibition assays. The HA inhibition assay was
performed by incubating the virus with either 50 �M papaverine or DMSO for 1 h at 37°C. Virus was
serially diluted in PBS in a 96-well plate and an equal amount of 0.7% chicken RBCs (stored in Alsever’s
solution) was added. The plate was incubated for an hour at 4°C and analyzed visually for RBC
agglutination.

To measure NA inhibition activity, virus was incubated with papaverine or DMSO at 37°C for 1 h in
a black-walled 96-well plate. A total of 100 �M of the fluorogenic neuraminidase substrate MUNANA
(4-methylumbelliferyl-N-acetyl-�-D-neuraminic acid) (Sigma-Aldrich, St. Louis, MO) was added, and the
reaction was allowed to proceed at 37°C for 2 h. The reaction was stopped by the addition of 0.014 N
NaOH in 83% ethanol. The fluorescence generated by the cleaved substrate was measured at the
excitation and emission wavelengths of 365 and 460 nm, respectively, using a SpectraMax M5 plate
reader (Molecular Devices, Sunnyvale, CA). The fluorescence intensity values were normalized using a
control reaction without virus.
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